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A remotely piloted vehicle (RPV) named the Maneuverable Atmospheric Probe
(MAP) has been instrumented with meteorological and. aerodynamic sensors to
collect aerosol samples and to determine air temperature and pressure (density
derived.); relative humidity (RH); temperature turbulence structure constants;
atmospheric electric field intensity; and aircraft airspeed, angle of attack,
altitude, and heading. The aircraft, with a fuselage length of 2.4 m, was
designed and constructed for the development of RPV meteorological sensor_
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technology that supports US Army research programs related to atmospheric
absorption of electromagnetic energy (laser beams). --Tis report documents, in
considerable detail, the physical and aerodynamic characteristics of the
10-hp, 36.5-kg, radio-controlled MAP aircraft, as well as the novel fluidic
and electrostatic vertical stabilizer systems assisting in aircraft control.
The atmospheric and aerodynamic sensor configurations, including the sensor
data telemetry system, are described.

Three distinct flight experiments were conducted with the instrumented MAP
vehicle. During the first experiment, dust particulate samples, ranging in
size from 0.2oj to 400m, were obtained by flying the RPV-mounted samplers
through low altitude dust clouds generated by ground-based 105-mm artillery
shell explosions. Data from this experiment are presented. The second exper-
iment involved characterizing typical atmospheric conditions along a laser
propagation range (path). Graphs of atmospheric temperature, pressure, RH,
and derived air density, al1 as functions of RPV altitude, present data that
are representative of those obtained from the second experiment. Measurement
accuracies for temperature, pressure, and RH are respectively shown to be
+1 0 C, +2% of the total pressure and +4% of actual RH. The third experiment
was conducted with the instrumented RPV being flown near a mountain peak whose
altitude is 2440 An relative to mean sea level (msl). Atmospheric electric
field intensity and turbulence structure measurements as functions of RPV
position relative to the mountain peak make up the third set of data presented
in this report.
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INTRODUCTION

The US Army's Atmospheric Sciences Laboratory (ASL) and the Army Research
Office-Durham have jointly sponsored the development of a remotely piloted
vehicle (RPV) instrumented with meteorological sensors. The principal objec-
tives of this development were to provide a means of supporting research
programs requiring atmospheric data in areas difficult to reach with conven-
tional instrumentation and to concurrently develop a suitable RPV meteorolog-
ical sensor technology.

Typical ASL research programs that require a meteorological RPV are investiga-
tions of the effect of battlefield obscurants on electro-optical (EO) ranging,
target detection and surveillance systems, and the characterization of the
atmosphere along high energy laser paths. Battlefield studies require in situ
multiple sampling of dust and smoke clouds generated by artillery-delivered
munitions. Laser weapon programs require meteorological mapping of the atmo-
sphere along specific horizontal and slant paths, including those in close
proximity to a mountain cliff. The RPV, instrumented with atmospheric sen-
sors, aerosol samplers, and aerodynamic sensors, was thus configured to serve
as a sensor platform capable of satisfying the requirements listed above. It
was given the name, the Maneuverable Atmospheric Probe (MAP).

The MAP is radio-controlled. It has a weight of 25.2 kg with a motor that
will develop a maximum power of 10 hp and is capable of transporting approxi-
mately 11 kg of instrumentation to an altitude of 7.5 km. It is presently
instrumented to measure the aerodynamic parameters of airspeed, angle of
attack, heading, gust intensity, altitude, and engine revolution rate. Exper-
imental electrostatic and fluidic aircraft stabilizers, along with radio
control receiver and sensor signal conditioning electronics, constitute the
remainder of the aerodynamic monitoring and stabilization ensemble.

This research project was initiated in October 1978, and preliminary airframe
test flights began at the contractor site in April 1979. Fully instrumented
test flights were conducted in June 1979 at White Sands Missile Range (WSMR),
New Mexico. MAP support of research projects began in July 1979.

The purpose of this report is to describe the entire MAP system in consider-
able detail, to provide specific examples of MAP research-support flights, and
to present corresponding data acquired during these flights. Therefore, the
report presents the aircraft configuration, its flight characteristics, and
modes of control, as well as a description of the aerodynamic and meteorolog-
ical sensors, aerosol samplers, and electric field intensity meters that serve
as the MAP payload. Signal conditioning, telemetry electronics, and radio
transmission systems are briefly described. In addition, atmospheric data-
gathering flights are discussed, and samples of the resultant data, with
corresponding measurement accuracies, are presented.

MAP CONFIGURATION AND PERFORMANCE

The resultant configuration of the MAP was dictated by two basic require-
ments: (1) it must have a rigid, air-worthy sensor platform, and (2) this
platform must be easily modifiable, to accommodate the various combinations of
sensor and electronic packages that would be fabricated to satisfy each par-
ticular flight objective.
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Accordingly, the MAP aircraft pictured in figure la was designed and con-
structed by the Applied Physics Laboratory (APL) of Johns Hopkins
University. This aircraft can be easily disassembled into three major compo-
nents: the wing, the fuselage, and the horizontal stabilizer-vertical fin
assembly. In addition, the landing gear is readily removable. The disassem-
bled vehicle is small enough to fit in a conventional station wagon. The
dimensions of the principal components are listed in table 1. Its aerodynamic
surfaces are made of polystyrene foam cores with laminated skins of 0.4-mm
thick plywood, with fiberglass cloth, in turn, bonded to the plywood. The
fuselage is a molded fiberglass-epoxy shell.

TABLE 1. PHYSICAL CHARACTERISTICS OF THE MAP VEHICLE

Wing span 3.05 m

Wing area 1.36 m2

Fuselage length 2.4 m

Fuselage diameter 22.8 cm
Pod length 70.0 coi

Pod diameter 15.2 cm
Engine weight 5.5 kg

Airframe weight 11.0 kg
Control equipment 3.2 kg

Payload weight 11.0 kg
Fuel weight 5.5 kg

Gross launch weight 36.2 kg

A schematic diagram showing the location of key components is included in the
three-dimensional drawing of figure lb. The fuselage contains a Herbrandson-
Dyad 160, 10-hp, 2-cycle gasoline engine, which drives a 36-cm diameter, 56-cm
pitch propeller. An APL-developed muffler and exhaust system are attached to
the engine's bottom-rear section, to dampen acoustical reverberations that are
detrimental to turbulence sensor measurements and to divert engine effluents
from the atmospheric sensor area. Behind the firewall is the electronics
power supply, which is a 28-V, 5-A battery. Immediately behind and above the
power supply is a radar transponder. Directly beneath the transponder is a
three-axis fluidic gyroscope. The 5.7-1 fue- tank front wall, which is
located on the aircraft center of gravity, closes the transponder-gyroscope
compartment. Behind the rear wall of the gas tank are the electronics pack-
ages for the atmospheric sensors, telemetry, autopilot, and aerodynamic
sensors. Further to the rear is a two-axis magnetometer for deriving heading
information. A hollow dorsal fin contains the control receiver of the air-
craft.

The wing structure supports the majority of the sensors aboard the aircraft.
Extending 10 cm forward of the leading edge of the wing are two pairs of
turbulence sensors, a Pitot tube, two air temperature sensors, and a yaw gust
probe. Located at each wing tip are sensors that contain encapsulated
Polonium 210 beads, which ionize the surrounding air, to generate sufficient

8
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- . . Span 10 ft (3.Om)
--- Length 8 ft (2.4m)

Area 15.48 ft 2 (1.4m 2 )
Fuselage diameter 9.0 in. (22.9cm)
Pod diameter 6.0 in. (15.2cm)"0

?i- Ni ii)

0 6 12 18 24 (61cm)

Engine Radar Fuel - /

transponder,

S<Commandl receiver
Power 3 axis Auto pilot, air data

supply fluidic gyro sensor electronics

Met. sensor electronics
and telemetry

Figure lb. MAP vehicle and major components.
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electric charge for the electric field measurements and to make possible roll
electrostatic stabilization relative to the electric field of the earth.
Inside the wing, in square and tubular cavities, are the aileron and trim flap
control servos, respectively, and all of the electrical wiring that connects
the servos and sensors to the various electronic packages.

Suspended beneath each wing, 76 cm from the fuselage axis, is an ellipsoidal
pod. Each pod houses an aerosol sampler. Openings in the front and rear
sections of each pod permit free air flow through the pod interior.

The empennage unit is made up of a vertical fin and rudder 30 cm in height and
a horizontal stabilizer that has an overall length of 1.1 m and contains the
servo mechanism for elevator control. The vertical fin contains the rudder
control servo.

One Polonium 210 electrostatic ionizer device is mounted on the tip of the
vertical fin, while a second one is mounted below it on the side of the fin.
These two ionizers, in conjunctions with another mounted on the underside of
the fuselage at its aft end, serve to measure the vertical component of the
electric field intensity of the earth. The ionizer on the tip of the fin, in
association with the ionizer on the side of the fin, also provides electro-
static field pitch stabilization for the aircraft.

A U-shaped aluminum structure 60 cm in length, located beneath the fuselage,
supports two air-inflated tires that are 12.7 cm in diameter. This structure
is just aft of the aircraft center of gravity, and in association with a
spring-cushioned 10.2 cm diameter tire mounted under the engine, constitutes
the MAP landing gear. When supported by the landing gear, the underside of
the aircraft fuselage is 23 cm above a plane level surface.

Table 2 lists the theoretically predicted aerodynamic performance of the MAP,
based upo't the aforementioned engine power, aircraft physical characteristics,
and payload weight. The test and research flights described in this report
have not required that the MAP perform at all the theoretical maximum levels
listed in table 2; however, a number of nonrequired test flights that were
conducted infer that the theoretical limits are valid.

With a payload weight of 11.3 kg, climb rates of 425 m/min were observed at an
altitude of 1770 m above mean sea level (msl). At an altitude of 3660 m msl
and with the same payload weight of 11.3 kg, only one-half of the available
power was needed to maintain level flight at a speed of 160 km/h for a flight
time of approximately 1 h. All of the above data were obtained while flying
at WSMR, New Mexico.

Presently, the principal method employed to launch, guide, and recover the MAP
relies on visual observation and radio control. Once the aircraft is air-
borne, electrostatic or fluidic stabilization may be engaged as a control aid.

Aircraft control is effected with a seven-channel Kraft Series KP7-CS/FM,
49.93 MHz transmitter. The transmitter, equipped with a vertical whip
antenna, emits an approximate average power of 0.25 W. The signal is pulse-
width modulated. The transmitter weighs 0.5 kg and is carried by the pilot
while he moves about the flight area to maintain the aircraft within visual



range. The seven channels of the transmitter independently control the (1)
power (throttle), (2) internal stabilization (electrostatic, fluidic, or radio
control only), (3) pitch (elevators), (4) yaw (rudder), (5) roll (ailerons),
(6) lift augmentation (flaps), and (7) engine shutdown (relay release).

Nominal command of the aircraft is via a repetitive 16-ms FM pulse train
consisting of eight pulses: one pulse per channel of control information,
plus a wide synchronization pulse that separates the seven control pulses.

TABLE 2. PREDICTED AERODYNAMIC PERFORMANCE OF THE MAP AIRCRAFT

Gross weight 36.2 kg

Installed power 7.46 kW

Stall speed at 3.35 km (11,000 ft msl) 65 km/h (flaps)

Stall speed at sea level 58 km/h (flaps)

Minimum power speed at 3.35 km msl 82 km/h
Minimum power speed at sea level 88 km/h

Maximum speed at 3.35 km msl 169 km/h

Rate of climb at 3.35 km msl 244 m/min

Rate of climb at sea level 396 m/min

Practical ceiling 7.6 km msl

Unpowered sink speed at 3.35 km msl 140 m/min
Unpowered sink speed at sea level 122 m/min

Flight duration at 3.35 km msl 1.8 h
Flight duration at sea level 1.4 h

Maximum range at 3.35 km msl 500 km
Maximum range at sea level 418 km

The pulse train is fed to a decoder for routing of the individual commands to
the appropriate control servo mechanism. Individual pulses are varied in
width to generate proportional commands.

To prevent the MAP from becoming a safety hazard, a fail-safe circuit is also
included in the electronics package. The circuit causes the vehicle, while in
flight, to automatically enter a controlled failure mode either if the command
and control signal is lost or if the on-board receiver power malfunctions.
When loss of control signal occurs, the safety circuit commands the engine to
throttle to its minimum power setting and then causes the aircraft to enter
into a gentle turn of approximately 30-m radius. These actions occur when
only two frames of control pulses are continuously lost. If signal reception
returns to normal within 15 s, full aircraft power is restored; otherwise, the
engine is turned off and the aircraft descends in a tight spiral.

12



AERODYNAMIC SENSORS

The MAP aircraft contains a variety of sensors that monitor its aerodynamic
performance and stabilize its flight. Aerodynamic instrumentation consists of
airspeed indicator, tachometer, altimeter, heading magnetometers, and yaw and
pitch gust indicators, from which aircraft angle of attack is derived. The
remaining aerodynamic instruments are the fluidic gyroscope wing leveler and
the electrostatic stabilizer.

Radar tracking of the MAP provides aircraft position as a function of time. A
radar transponder aboard the MAP insures a solid raaar track when the aircraft
is flying close to the ground or in the vicinity of mountainous terrain.

Aircraft airspeed is determined by an Endevco 8503-02 pressure transducer
connected to a Pitot tube. The ram pressure intake of the Pitot tube pro-
trudes 15 cm beyond the front edge of the wing, as shown in figure 2. The
static intake is integral to the Pitot tube. Both pressures are transferred
via plastic tubing to the Endevco gauge inside the fuselage. The gauge is
laboratory-calibrated to yield voltage as a function of airspeed.

Engine revolution rates are monitored by an Electro Corporation DI-MAG 58403
magnetic detector. A thin ferrous strip embedded in the engine magneto
induces one magnetic pulse per revolution on the DI-MAG detector. Appropriate
electronic circuitry is used to count the pulses and to convert the pulse
rates to voltage levels proportional to engine revolution rate.

Two DeVelco 9100A magnetometers are used to determine aircraft heading when
the wings are level. These devices are mounted at the aft end of the fuselage
to isolate them from stray magnetic fields of the engine and electronic cir-
cuitry. The magnetometer axes are parallel to the plane's longitudinal X)
and lateral (Y) axes. The DeVelco sensor output voltage is proportional to
the angle between the sensor axis and the direction of the horizontal compo-
nent of the earth's magnetic field. Since the direction of the horizontal
component of the earth's magnetic field is a known quantity, and since its
magnitude remains relatively constant over the MAP flight altitudes, record-
ings of the sensor's output voltages yield the aspect angles required to
determine aircraft headings.

A simple, but effective, APL-developed gust probe mounted on the top edge of
the vertical fin, as shown in figure 3, measures angle of attack and pitch
gusts. This probe consists of a low inertia flag whose stem pivots about a
potentiometer that is contained in a paraboloid-shaped flag mount. The flag
surface is horizontally oriented so that it weatherwaves about an axis perpen-
dicular to the direction of flow. Flag angular deviations with respect to the
fuselage (reference) axis, sensed by the potentiometer while in flight, pro-
vide a measure of angle of attack. Since the flag swivels freely in response
to transient gust impulses, which barely affect the more massive aircraft, the
probe also provides pitch gust infomation. The transient signals are inter-
preted as gust data, while the steady angular deviations yield the angle of
attack measurements. An identical probe, as shown in figure 4, is mounted on
the front wing with the flag vertically oriented to obtain yaw gust informa-
tion.

13
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To determine aircraft altitudes independent of a radar track, a National
Semiconductor LX1702A atmospheric pressure transducer is included inside the
fuselage to serve as an altimeter. The combination of pressure vs altitude
and pressure vs voltage calibrations provide a basic response curve of voltage
as a function of altitude. Preflight recordings of surface atmospheric pres-
sure, the corresponding transducer output voltage, and the known airstrip
altitude supply the information necessary to convert the response curve into a
voltage vs altitude calibration.

Exact MAP locations, required to map RPV-measured atmospheric parameters as a
function of position, are usually obtained by radar tracking. A WSMR
AN/FPS-16 range radar provided component (x,yz) MAP positions, velocities,
and accelerations relative to the launch point. Radar-acquired MAP digital
position data is tabulated as a function of time in table 3.

The coordinate system used was the Selected Stationary System. Values of
X(s), Y(s), and Z(s) list the location of the aircraft in terms of the east-
west, north-south and vertical components, respectively, of its position
vector relative to the MAP airstrip center. Time is expressed in seconds
Greenwich mean time (Gmt). The columns headed V(x), V(y), V(z), A(x), A(y),
and A(z) list values of the aircraft velocity and acceleration components,
relative to the airstrip center, while the columns headed Hgt above Terrain
and Height list the aircraft height relative to the terrain immediately below
and height above sea level, respectively.

A radar skin track of the MAP is quite satisfactory when the aircraft is above
intervening buildings and terrain features. However, because the radar skin
track of the MAP at low elevation angles is susceptible to considerable signal
clutter, a radar transponder was added to the MAP payload. The transponder
used is a VEGA model 366C. It has a weight of 0.73 kg and a volume of 410
cm3 . Miniature cables from the transponder feed two TECOM 106002 circular
slot antennas (3.1-cm diameter), which are mounted flush on the underside of
the fuselage and on the top surface of the wing. The transponder, coaxial
cables, antennas, and necessary mounts weigh 1.0 kg. Radiated power is 40
W. The emitted signal is circularly polarized and lies in the 5.4 to 5.9 Gliz
frequency range.

AIRCRAFT STABILIZERS

A basic requirement for a relatively inexpensive RPV is a compact, inexpensive
all-weather stabilization system. Thus, two novel vertical stabilization
systems were incorporated into the MAP. One is based upon the principle of
electric field sensing, while the other is based upon the principle of fluidic
angular rate sensing. The electric field sensor is referred to as an electro-
static autopilot, even though as presently used this device is not an integral
part of the MAP altitude and heading sensing capability. The electrostatic

17
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autopilot was invented at APL by M. L. Hill.' It has been demonstrated that
this device performs extremely well in fair weather and in some forms of
adverse weather; however, incorporation of electrostatic autopilots into
operational all-weather vehicles requires a more detailed knowledge of the
earth's electric field structure and variability in extremely dry air,
mountainous surroundings, and inclement weather. The electrostatic autopilot
development and its basic measurements of earth's electric field intensity are
an integral part of the MAP research program. Because of these uncertainties
in the variations of the electric field intensity of the earth, and because a
commercially available three-axis fluidic gyroscope meets all-weather criteria
and is relatively inexpensive and compact, the fluidic gyroscope was made a
part of the MAP payload.

An ubiquitous electric field exists in the fair weather portions of the atmo-
sphere, with its posi-tive polarity at the lower boundary of the ionosphere and
its negative piarity at the surface of the earth. The corresponding electric
field intensity ranges typically from 10 V/m at an altitude of 6 km to approx-
imately 250 1-m at gea level.

Detection of 1'rcraft roll and pitch angles electrostatically is possible
because of thi, vertical gradient in the electric field, with an electric
potentiai difference AV existing between any two points differing in height by
AZ. The vertical displacement of two aircraft extremities (wing tips or nose
and tail) rfeoduces a height difference AZ and a corresponding potential dif-
ference AV between the extremities. This potential difference is thus propor-
tional to the aircraft roll or pitch angles, and it, in turn, will produce in
a conductor connecting the extremities a current that is also proportional to
the instantaneous roll or pitch angles.

Four Polonium 210 (Staticmaster model 2U500) alpha particle emitters, each
with a source strength of 500uCi, serve to ionize the air surrounding the
Polonium device and thus to enhance the current available for detection of
roll and pitch angles. These radioactive sources do not present a physical
hazard, since each Polonium grain is encased in a protective glass bead, and
the bead is then cemented to a substrate encased in a metallic grid. The
metallic grid also serves as the conductor that is connected to the atmo-
sphere.

Figure 3 shows a Polonium source mounted on top of the vertical fin to sense
pitch angles. Its corresponding pitch voltage output is referenced to the
average potential of two identical devices that are mounted on the wing tips
to sense roll angles. Copper wiring connects each pair of Polonium grids to a
sensitive voltage differential amplifier. Strips of copper tape positioned
near the ionizers serve as shields or guards. These are electrically con-
nected to the airframe ground. Outputs from the electrostatic circuitry are
filtered, impedance matched, and applied to the respective control servo
mechanisms to complete the pitch and roll angle control loop. The electro-
static circuits are physically located in the aerodynamic sensor electronic

lHill, M. L., "Introducing Electrostatic Autopilots," Astronautics and
Aeronautics, November 1972.
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package inside the fuselage. The entire electrostatic circuit, four Polonium 
units, and the three associated control servos weigh 0.5 kg.

The other MAP stabilization system uses a KGB Corporation model 7603 three-
axis fluidic angular rate sensor. Serving as a gyroscope, it has a volume of
785 cm3 and weighs 0.4 kg. Its principle of operation is based upon the
detection of the magnitude of fluid jet deflection that is induced by Coriolis
forces when the aircraft is rolling, pitching, or yawing. Three orthogonal
laminar flow air jets, each of which flows in a direction perpendicular to the
direction of the rotational motion to be sensed, impinge upon a pair of heated
thermistors that are aligned in a direction transverse to the rotational axis
and lie within the jet stream. The electronics of the fluidic gyroscope
continously monitor the differential temperature of the two thermistors. As
the aircraft rotates about one of the three orthogonal axes, the jet trans-
verse to that axis is deflected. Correspondingly, one thermistor of the pair
is partially removed from the convective cooling effect of the jet stream.
This action creates a measurable temperature difference between the two therm-
istors. This temperature difference is detected and converted to a voltage
that is proportional to the angular rate of rotation about the axis. This
output voltage, calibrated as a function of angular rate, is then applied to
the appropriate control servo mechanisms for aircraft stabilization.

A basic aerodynamic characteristic of most aircraft is an inherent roll-yaw
coupling. This characteristic is used to stabilize the aircraft in a wing-
level attitude, through use of the fact that the yaw rate can be made zero
only when the aircraft is flying with its wings level along a straight-line
path. At any time when the aircraft is in a banked turn, its flight path is
curved, which produces yawing about its vertical axis. Thus, sensing the yaw
rate and then closing a loop to drive the yaw rate to zero will cause the
aircraft to fly with its wings level.

This method of wing leveling is substituted for the conventional inertial rate
gyroscopes in some general aviation autopilots. It has been under investiga-
tion by the National Aeronautics and Space Administration (NASA) and the US
Air Force. Some of the results of these investigations were employed at APL
in the design of the fluidic system for the MAP vehicle.

Both rudder and ailerons are employed in the wing leveling portion of the MAP
autopilot. The direct current output of the yaw rate gyro provides wing
leveling, while an alternating component of both yaw and roll rate is used to
produce damping.

Stabilization of the MAP about the pitch axis is accomplished by sensing the
angle of attack with the pitch gust probe and closing a loop to the elevator
sensor, which commands a fixed angle of attack. The pitch rate gyro is used
only for damping in the loop, to prevent the aircraft from entering a wild
phugoid-type oscillation about its pitch axis. When the aircraft is locked
into this fixed angle of attack mode, an altituae hold capability is made
possible by simply selecting a throttle power setting consistent with the
desired altitude. The desired speed during an altitude-hold maneuver is
obtained by changing the trim setting of the elevator. This altitude-hold
capability was not operational during the later MAP flights, but the capabil-
ity was demonstrated when the pilot used only the aircraft throttle and radar
altitude readings to maintain a constant altitude during specific experiments.
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ATMOSPHERIC SENSORS

The MAP was instrumented with atmospheric parameter sensors that are rela-
tively simple in design and light in weight. RPV sensor technology was
developed to determine atmospheric temperature, pressure, RH, temperature
turbulence structure constants, and electric field intensity. From these
direct measurements, air density and turbulence refractive index structure
constants are derived.

This section describes each sensor in considerable detail and gives the pre-
cise location of each sensor on the aircraft. The calibration techniques used
and the electronic circuits employed to improve sensor measurement accuracy
are described and, when available, the measurement accuracy is stated.

Atmospheric temperature is determined with a Gaulton 1-mm diameter bead therm-
istor mounted 10 cm forward of the leading edge of the left wing and posi-
tioned 0.5 m from the fuselage longitudinal axis. This thermistor is shown in
figure 4.

A second temperature sensor is positioned 10 cm forward of the right wing
leading edge and I m from the fuselage axis. Placement of this sensor at the
indicated location insures that the air temperature is sensed outside the
airflow boundary layer of the wing and that propeller induced effects on
atmospheric temperature are negligible. The thermistor and mount weigh 55 gm.

Electrical wire connecting the bead thermistor to the temperature sensor
electronics passes through the wing interior. Temperature values are moni-
tored by recording the frequency of an oscillator controlled by the resistance
of the thermistor, which varies with temperature. Calibration of the therm-
istor resistance vs temperature gives atmospheric temperature as a function of
oscillator frequency.

The temperature sensor electronics include a means of monitoring oscillator
frequency drift due to temperature effects on circuit components, by periodi-
cally and alternately substituting two fixed value resistors for the therm-
istor in the oscillator circuit. One resistor provides a low reference
frequency, while the second yields a high reference frequency. Data frequen-
cies, corresponding to the expected range of temperatures measured, are
designed to lie between the low and high reference frequency limits. Each
data point frequency is accordingly corrected for circuit drift prior to its
conversion to a corresponding atmospheric temperature value.

Frequency drift corrections permit temperature measurements to be made with a
theoretical accuracy of +0.5 C in the altitude intervals of interest; however,
realistic accuracy calculations must consider the effects of thermistor bead
solar heating and possible aerodynamic heating. Employing techniques
developed by Ballard and Rubio, 2 temperature effects induced by solar dnd
aerodynamic heating of the bead and its thin wire mounts were calculated.

2Ballard, H. N., and R. Rubio, "Corrections to Observed Rocketsonde and
Balloonsonde Temperatures," J Appl Meteorol, 7:5, 1968.

21

AAW*Ma



Solar heating of the bead was found to be 0.5°C or less for MAP flight alti-
tudes. Typical aerodynamic heating results were as follows: 0.8 0 C at 130
km/h and 0.3°C at 95 km/h. MAP airspeeds normally ranged between 80 km/h and
130 km/h during a data collection flight. Thermistor ohmic heating is another
source of error. By reducing the sensor current to a bare minimum, ohmic
heating was reduced to a negligible amount. Based on the above temperature
measurement uncertainties, MAP air temperature data may be measured with an
accuracy of +1.0°C without applying temperature corrections. Response time of
the bead was also calculated and found to be 0.5 s or less throughout the
altitude interval explored by the MAP.

Atmospheric pressure is monitored with a National Semiconductor LX1702A pres-
sure transducer. This transducer is a piezoresistive strain sensor laid out
on a diaphragm. As ambient pressure changes vary the strain on the diaphragm,
a corresponding output voltage is developed. This dc voltage in turn varies a
frequency output signal. Thus, the basic transducer calibration gives fre-
quency as a function of ambient pressure. As is true of temperature, this
circuit also contains a high and low reference frequency calibration to
correct for circuit drift. The LX1702A sensor is approximately 23 cm3 in
volume, weighs less than 110 g, and was physically located within the sensor
electronics package, with the pressure port protruding outside the electronic
case into a small empty space between the case and the fuselage wall. Atmo-
spheric pressure measurement accuracies were determined to be within +2% of
the measured pressure value.

To determine RH, conventional rawinsonde carbon hygristors (ML476) are used on
the MAP. This device is a cellulose acetate butyrate (CAB) base with carbon
particles uniformly distributed. As RH increases, the CAB expands and causes
the carbon particles to move further apart, which in turn increases the resis-
tance of the element. When RH decreases, the opposite effect occurs. These
changes in resistance, corresponding to RH changes, are used to alter the
frequency output of a voltage-controlled oscillator. Calibrations of RH vs
resistance and resistance vs frequency are combined to obtain a final calibra-

tion of RH as a function of frequency. Low and high reference resistors are
again intermittently introduced into the circuit to correct for electronic
temperature drift effects.

The RH sensor (85 g in weight) is positioned 1.3 cm below the leading edge of
the wing and 40 cm from the longitudinal axis of the fuselage. Since RH
measurements are affected by the humidity element temperature, the sensor was
placed in this position below the wing to shield it from the direct solar
radiation.3  A measurement error is introduced when the RH element is at a
temperature other than ambient temperature. The amount of this error caused by
boundary layer heating of the humidity element was found to be negligible when
compared to the solar heating effect.

3Design Review Agenda for Meteorological Sounding System Radiosonde Design,
Space Data Corporation, 10 April 1978.
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The accuracy of the RH element vs frequency calibration accuracy was estab-
lished to be within +3% RH at a specific calibration temperature. Solar
heating due to albedo adds a ±0.5% RH inaccuracy. Another inherent inaccuracy
is introduced at temperatures other than the calibration temperature, since
the device has a slightly different RH response at each temperature. This
last inaccuracy can produce a +2.5% RH uncertainty in the measured RH values
within the altitude interval in which the MAP was flown. Consequently, RH
measurements made during the MAP flights may have an inaccuracy of +4% RH. In
spite of the ±4% uncertainty, the carbon resistor is easy to use and cali-
brate, and it furthermore yields values of RH acceptable to meteorologists wno
obtain similar data with the same sensors aboard rawinsonde balloon-borne
instruments.

Two pairs of differential temperature sensors provide a measure of the temper-
ature turbulence structure constants. The sensors are tungsten filaments
having a diameter of 7.5vm and a resistance of 220 Q. They are all mounted 10
cm forward of the leading edge of the wing. One pair of filaments is sepa-
rated by a distance of 20 cm, while the second pair is 2.8 m apart. Figure 5
shows three of the four turbulence elements. The outermost filament in figure
5 operates in conjunction with an identical sensor mounted on the opposite
wing, while the two innermost filaments form the 20-cm turbulence sensor. All
four filaments and their associated sensor mounts weigh approximately 215 g.
The turbulence elements were sufficiently removed from the propeller (approxi-
mately 1 m from the shaft) to avoid engine and propeller effects on the air-
flow past the sensors.

When the aircraft is flying in a height regime in which the outer scale of
turbulence is less than 2.8 m, only the 20-cm sensor will record meaningful
data. Thereafter, as the aircraft ascends, the 20-cm sensor signal level
decreases until electronic background noise gradually obliterates the signal;
however, by this time the data from the 2.8-m separation sensor is meaningful.

Differential temperature values between each sensor pair are determined by
placing each element of the pair of filaments as a leg of a balanced
Wheatstone bridge. As a turbulence cell flows past a sensor pair, the differ-
ence in temperature between the two points in the cell corresponding to the
separation of the sensor pair changes the corresponding resistance of each
filament, thus unbalancing the bridge. This resistance difference is col-
verted to a proportional output voltage by a differential amplifier. Root-
mean-square (rms) values of output voltage from the differential amplifier
over 1-s intervals subsequently vary a voltage-controlled oscillator. As a
result, the system produces rms differential temperature values between the
two thermistor filaments, as a function of oscillator frequency.

A basic calibration is obtained by introducing successive values of fixed
resistance into one leg of the Wheatstone bridge and recording the correspond-
ing frequencies of the voltage-controlled oscillator. To convert the changes
in resistance to corresponding changes in temperature of the tungsten fila-
ments, use was made of the equation that relates the resistance of the fila-
ment to its temperature, namely

R = R0 + aRoT , ()
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which leads to the equation

LR = RO AT , (2)

which in turn gives

AT t, R (3)
cxR

0

where AT is the change in temperature corresponding to the change in resis-
tance AR, R is the resistance of the tungsten filament at temperature T0 , and
a is the temperature coefficient of resistance for tungsten, equal to 4.5 x
1o-3 °C-l.

Temperature turbulence structure constants, CF, were then calculated from the
relationship

= (AT)2  (4)

where d is the distance between each element of the temperature sensing pair
of tungsten filaments.

The principle of operation of the electrostatic stabilizer on the MAP was
discussed under the heading Aircraft Stabilizers. As indicated, the electro-
static stabilizer detects the intensity of the earth's vertical electric field
through a determination of the electric field gradient w-th heigh+. AV/AZ. In
addition to serving as an aircraft stabilization mechlr,iK,. the &..tric field
intensities are independently recorded as potential gr.,'Iient measurements.

Two Polonium 210 ionization sources, one mounted on the side of the vertical
fin and the other below the aft end of the fuselage, are used for vertical
electric field measurements. These sensors, in conjunction with the ancillary
electronics, provide a measure of the vertical component, E of the electric
field intensity of the earth. Similarly, ionization uni s mounted on the
aircraft wing tips generate signals proportional to the horizontal potential
gradient in the earth's electric field in a direction perpendicular to the
roll axis of the aircraft when the wings of the aircraft lie in a horizontal
plane. In addition, signals from the Polonium source on the vertical fin are
referenced to the center node of the signals generated by the wing tip
ionizers, thus providing a measure of the horizontal component of the earth's
electrical field in a direction parallel to the aircraft fuselage axis.
Again, these measurements are meaningful only when the aircraft is flying in a
straight line at a constant altitude.

The voltage differences measured between pairs of ionization devices, when
divided by the measured separation distance between them, provide a measure of
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potential gradient in volts/meter. Electric field probe sensitivity is
approximately I V/m. Vertical electric field intensity values vary markedly
with altitude and therefore vertical gradients are easily measured. In fair
weather and at aircraft positions distant from buildings and mountains, the
horizontal electric field gradients have been found to be minute and are
therefore difficult to measure; however, in contrast, in proximity to some
types of clouds, in inclement weather, and near mountains or buildings, varia-
tions in the horizontal component of the earth's electric field are detect-
able.

The quantities atmospheric density, p, and refractive index structure
constant, C2, which are important parameters in the study of atmospheric
processes and EO propagation, are not measured directly aboard the MAP, but
are easily derived from other parameters measured during the MAP flights.
Atmospheric density is obtained through the equation of state for an ideal
gas. The atmospheric density, to include the contribution of water vapor to
the dry air density, is given by the equation

PM (I + w)
= RT * (1 + w/c)

where P is the atmospheric pressure, M is the molecular weight of dry air, R
is the universal gas constant, T is the air temperture in degrees Kelvin, w is
the mass of water vapor per mass of dry air (mixing ratio) and F is the ratio
of the molecular weight of water to the molecular weight of air. Having
determined C2 in equation (4) and having measured atmospheric temperature and
pressure, C2 is obtained through the equation

C2 =  79P-  x 10. 1; c2 (6)

where P is expressed in millibars and T is the Kelvin temperature of the
atmosphere.

PARTICULATE SAMPLERS

Timely in situ probing of simulated battlefield obscurants such as smoke,
dust, and counter-measure gases, or of natural obscurants such as aerosols,
can be effectively conducted with particulate samplers aboard an RPV that can
penetrate the obscurant formations. For this purpose, two types of particu-
late collectors were constructed and fitted inside the MAP wing pods.

The primary sampler used is a multistage impactor designed to collect a fixed
amount of sample, wherein the sampling time is dictated by either the length
of a laser transmission path or by the spatial dimensions of an obscurant
cloud. The other sampler, a Proton Induced X-ray Emission (PIXE) I-1 cascaded
impactor, was occasionally flown to acquire general background information
regarding the chemical elements that are predominant in atmospheric aerosols
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of certain size intervals., Both samplers must be recovered for impactor
laboratory aerosol analysis. Photographs and chemical element analysis of the
multistage impactors is performed with a scanning electron microscope (SEM).
Cascaded impactor samples are analyzed with a PIXE analyzer. The final
aerosol data products are particulate shapes and sizes, size distributions,
and the elemental composition data.

The multistage sampler contains six elliptical pieces of adhesive cellulose
(clear scotch tape) material, each approximately 1.25 cm wide and 2.5 cm long,
spaced approximately 1.6 cm apart around the periphery of a teflon cylinder.
This cylinder fits inside an outer teflon cylinder with one elliptical window,
through which individual collectors are exposed sequentially by rotation of
the inner cylinder. A stepping motor and ancillary electronics encased in the
bottom half of the inner cylinder rotate each cellulose impactor into the
exposed position upon command. The 12 cylinder positions are arranged so
that, between exposures, all collectors are covered. The multistage sampler
assembly displayed in figure 6 is mounted in a wing pod that has both its
front and back conical sections removed to allow free airflow through the pod
interior. The sampler axis is oriented perpendicular to the pod axis so that

particles can impact directly on the adhesive material as the aircraft flies
through the designated air space. Exposure and closure of a collector is
controlled from ground level with a second KP7-CS Kraft transmiitter operating
at a frequency of 49.6 MHz, which is slightly different than the aircraft
control frequency. Sampler rotation commands are simple pulses that are
acquired by the aircraft control receiver and fed to the stepping motor elec-

tronics. The 6.6-cm diameter multistage sampler and enclosed electronics have
a volume of 1807 cm3 and a weight of 0.6 kg. The wing pod and its suspension
pylon weigh 0.4 kg.

Aerosol chemical elemental content and surface images are readily obtained by
an SEM. Multistage impactor collector strips are analyzed with an Interra-

tional Scientific Instruments Model Super-3A SEM, which is located at the
White Sands NASA Johnson Test Facility. In this instrument, an electron gun
bombards the particulates and induces secondary electron and X-ray emission.
The secondary electron energies are used to form images of aerosol surfaces,
which are subsequently photographed for sizing purposes. The X-ray emission
spectrum from each particle surface contains wavelengths and wavelength ampli-
tudes characteristic respectively, of the particle's chemical contents and the
percentage content of each element. Chemical analysis is performed with an
Energy Dispersive X-Ray Analyzer (EDAX).

A photograph and the chemical analysis results of one dust particle are shown
in figure 7. This SEM and EDAX system is normally adjusted to provide a
spectrum of elements with atomic numbers greater than that of fluorine.
Collected aerosols that contain elements with atomic numbers less than 18 may
not appear in the aerosol data shown in this report. Particle shapes, sizes,

and size distribution in the 0.4vim to 400vm range of particle sizes are
obtained from the SEM photographs.

4Manufacturer's brochure on Cascade Impactors, PIXE International Corporation,

P.O. Box 2235, Tallahassee, Florida 32304.
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Figure 6. Multistage sequential aerosol collector assembly (inner cylinder)
and housina cylinder with collector exnosure window.

L ement S weight

Na 10.4
Mg 7.1
Al 10.1
Si 21.1
S 1.1
CI 1.4
K 6.4
Ca 33.1
Fe 9.3

Figure 7. Scanning electron microscope image of one dust particle collected
with multistage impactor. Particle dimensions are approxiately

12m wide and 30om long. Chemical elements, by percent weight,
found in this particle are listed.
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The PIXE cascaded impactor, m3del I-i, consists of seven stages of the cylin-
drical inertial impactor and a final after-filter stage. The PIXE impactor is
7.6 cm in diameter, has a volume of 5080 cm3 and a weight of 0.7 kg. Figure 8
shows the PIXE sampler, its teflon case, and the frontal cup section of the
aircraft pod through which a piece of nylon tubing is fitted to allow air to
flow into the sampler. Inside the sampler, at the center of each interior
nozzled cylinder, is a thin mylar collector. Annular spacing between the
mylar disk and nozzle wall allows air to flow around the collector into the
next stage. Operation is based upon the principle that particles of certain
masses (sizes) moving at a given speed can change direction and circumvent the
centered disk, while larger particles with the same speed but greater mass
will impinge on the collector. A vacuum pump attached to the after-filter
stage constantly draws air through the seven-stage runcinate tunnel at a rate
of I m/s. This aerodynamic filtering process results in the first stage
collecting particles with sizes of 16tim or greater. Progressively, the fol-
lowing stages filter aerosols with sizes of 8im, 4im, 2pm, lom, O.5om, and
0.25pm. The after filter collects all remaining particles of sizes greater
than O.06vim.

A Brailsford and Company TO-4X2 pump serves as the impactor pump. It is T-
shaped, has a volume of 155 cm3 , and adds 0.65 kg to the payload weight. It
was also fitted within the wing pod.

PIXE analysis of the aerosols on each mylar disk provides an identification of
the elements contained in the aerosol and the total elemental mass for that
particular size interval. 5  The X-ray emissions yield a spectrum with peaks
located along abscissa channel numbers that correspond to atomic mass
number. The amplitudes of each peak, relative to a background level, can be
interpreted to determine the element's total mass. Figure 9 shows the spectrum
of the aerosols on the first stage disk (sizes > 16um) that were obtained over
desert terrain on the afternoon of 17 August 19-79. The smooth downward slop-
ing line in figure 9 is a curve fit to the backgrcund level emissions. For
the sample represented by figure 9, the PIXIE analyzer was set to detect
elements of atomic number 13 or greater.

SENSOR AND TELEMETRY ELECTRONICS

Atmospheric sensor signal conditioning is performed with circuitry designed
and developed by the University of Texas at El Paso's (UTEP) Electrical Enqi-
neering Department.6 APL developed the signal conditioning circuits used with
the aerodynamic sensors. All modulation and telemetry electronics were han-
dled by UTEP. Consequently, the atmospheric sensor and telemetry electronics

5Nelson, J. W., Proton Scattering Analysis for Light Elements in Air
Particulate Matter, Report EPA-600/2-78-Z13, Environment Sciences Research
Laboratory, 1978.

6Maneuverable Atmospheric Probe/North Oscura Peak Experiment, Schellenger

Research Laboratory Report No. FRI-80-UA-89, The University of Texas at El
Paso, El Paso, TX, 1980.
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Figure 8. Cascaded PIXE impactors, housing cylinder and wing pod front end

cup with aerosol inlet plastic tubing.
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were contained in one chassis, while the aerodynamic sensor electronics were
in a second chassis. These two electronics packages are adjacent to each
other within the fuselage. Figure 10, a photograph of the APL electronics,
shows an array of six multipin sockets used to interface with the UTEP pack-
age, which is comparable in size and weight to the APL package. The APL
electronics assembly weighs 1.2 kg and has a volume of 2700 cm3 .

MAP electronic component selection and assembly was made small and light
without miniaturization of the circuits. A rationale against miniaturization
was adopted because the MAP was to be a research platform; therefore, recur-
rent changes in sensor requirements, imposed by varying flight objectives,
would make it necessary to periodically reset circuit parameters such as
sensitivity, amplification, and bandwidths. Without miniaturization, these
periodic changes would require only hands-on retuning; with miniaturization,
they would require replacement of components. The former approach was
chosen. All components were soldered and not socketed, to avoid dislodging of
components due to aircraft vibration. Each aluminum chassis was shock-mounted
on grommets to minimize vibration-induced electrical noise.

The general flow, modulation, and transmission of sensor signals are illus-
trated in the block diagram of figure 11. Atmospheric sensor signals are
conditioned to output a dc voltage from 0 to 5 V. The dc voltages are fed to
IED H-75 voltage-controlled oscillators (VCO), which generate a proportional
standard Inter Range Instrumentation Group (IRIG) subcarrier frequency. The
conditioned aerodynamic sensor dc voltages are sampled by a 30-bit commutator,
which multiplexes the signals before they are applied to one of the IRIG
channels. Thus, the aerodynamic sensor subcarrier channel is modulated by
discrete pulse amplitudes, rather than continuous dc levels. Thereafter,
outputs from all the VCO's, IRIG channels 6 through 19, frequency modulate a
1526.5 MHz transmitter. Three spare channels, 16, 18, and 19, currently exist
in the aircraft electrorhics. Figure 11 shows data on channels 16 and 18 that
were used to monitor the instantaneous turbulence signals.

The 1526.5-MHz transmitter is an Aydin Vector T605L, 0.5-W emitter that drives
the L band turnstile antenna shown in figure 12. This antenna is normally
mounted 3 ft from the aircraft aft end, beneath the fuselage, to avoid air-
frame obstruction of the radiated signal. In figure 12, the turnstile antenna
is above the fuselage. This configuration was chosen for flights during which
the ground-based receiver was on a mountain peak above the aircraft.

A 5-Ah power pack composed of Yardley silver-zinc rechargeable batteries
supplies a primary voltage of 28 V to the fluidic gyroscope, transmitter,
VCO's, PIXE pump, and a dc-to-dc converter. The converter output voltages of
t15 V and +5 V serve to power all other MAP electronic systems and sensors.
The receiver and servo mechanisms are powered by a separate 4.8-V NiCad bat-
tery. Total system current consumption is 2 A/h, thus permitting a 2.5-h time
of operation when all instruments and electronic systems are used. The bat-
tery package weighs 3 kg and has a volume of 2050 cm3 .

Ground reception of the telemetered data from the MAP is accomplished by using
either the telemetry facilities of WSMR or a van-m)unted tracking and record-
ing unit that was developed for off-range flights of the MAP. The Telemetry
Acquisition System (TAS) or the Transportable Telemetry Acquisition System
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Figure 11. Block diagram depicting sensor signal flow, modulation, and

transmission scheme.
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(TTAS) of WSMR offers a variety of modern telemetry support equipment that is
described in detail elsewhere.

The off-range data acquisition system developed by UTEP under contract to ASL
is, by design, simple and compact. A 1.2-m i ameter parabolic reflector
antenna is used to track the MAP. The antenna is constructed of aluminum-
coated polystyrene, which is light and can be easily steered manually. During
MAP missions, the parabolic antenna is mounted on a support frame situated
either on the ground or on top of a mobile van that houses the remainder of
the ground signal reception equipment. An Astro Communications Lab (ACL) Type
SR209 receiver, a bank of Electrical Mchanical Research (EMR) subcarrier
discriminators, a selectable four channel voltage display unit, and a Sabre II
Sangamo Analog tape recorder make up the remainder of the data-acquisition
system. A separate log-periodic antenna and receiver are used to acquire
WSMR-transmitted IRIG B timing signals needed to synchronize the telemetry
data with the MAP radar position data. For off-range tests time data is
internally generated.

SAMPLE FLIGHTS AND ATMOSPHERIC DATA

Three flights that exemplify the versatility of probing the atmosphere with
the remotely piloted MAP vehicle are described in this section. Samples of
different types of atmospheric data acquired during each of the flights are
presented.

A research project entitled "Dusty Infrared Test-Il (DIRT-Il)" was conducted
at WSMR in July 1979.8 The DIRT-Il experiment consisted of a series of artil-
lery shell explosions designed to allow the characterization of dust particu-
lates and formations and to simultaneously measure dust obscuration effects on
infrared and near millimeter wave propagation. Sampling of the dust clouds
was conducted with the MAP multistage collector. On 25 July 1979, three
samples were obtained from a dust cloud produced by a 105-mm shell detona-
tion. The aircraft was launched from a small clearing, and once it was air-
",orne, MAP control personnel took cover behind a bunker until the detonation
occurred. After the explosion, control personnel waited momentarily to allow
shell shrapnel to clear the test area and then moved from behind the bunker
and guided the aircraft through the dust formations.

Figure 13 shows the MAP entering the dust cloud. Just prior to the aircraft's
entry into the dust formation, a collector strip was exposed; immediately
after the aircraft emerged from the cloud the same strip was rotated into a
covered position. An SEM photograph of a small section of the collector strip

7Telemetry User's Handbook, Department of the Army, White Sands Missile Range,
NM, 1 January 1977.

8 Kennedy, B. W. et al, Dusty Infrared Test-II (DIRT-Il) Program, ASL-TR-0058,
US Arny Atmospheric Sciences Laboratory, White Sands Missile Range, Wl4, 1980.
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used during the first MAP penetration of the cloud is shown in figure 14.
This sample was collected 20 s after the detonation, at a height of approxi-
mately 25 m. Th-ee particles in figure 14 are labeled, the labels giving the
chemical elements found in the particles. Elements other than the oxides were
detected by the SEM ; the oxides were inferred.

A preliminary particle "diameter" size distribution, deduced from SEM photo-
graphs of samples acquired during the third aircra't pass through the same
dust explosion, is plotted in figure 15. Particle sizinQ was done by the
Martin technique, whereby the horizontal dimension is measured at the vertical
center of each particle. This technique is base(, on the fact that if the
statistical sample (number of particles) is sufficiently large, the random
orientation of the particle cross-sectional views yields a meaningful measure
of size distribution. Particle size distributions are used to evaluate and
improve electromagnetic wave obscuration prediction models.

Another series of MAP flights was conducted in August 1979 for the purpose of
mapping atmospheric parameters over a laser beam propagation range. A paved
airfield close to the laser range facilitated the launching and recovery of
the RPV. Meteorological data was acquired and recorded through use of the ASL

transportable ground equipment. Aircraft position data was obtained by an
AN/FPS-16 radar skin track of the MAP. The radar transponder had not yet been
incorporated into the MAP payload at this stage of its development.

On 17 August 1979, flight patterns were executed to collect data at different
altitudes and along slant and horizontal atmospheric paths over the laser
range. Atmospheric temperature, pressure, and RH were measured. Air density
was derived through the use of equation (5). Graphs of aircraft altitudes and
corresponding atmospheric temperature and pressure as functions of time are
shown in figure 16. The dots appearing at 1443 and 1445 MST are temperature
and pressure values measured by radiosonde sensors when they were at the same
altitude as the MAP. Figure 17 is a graphical presentation of the RH measure-
ments obtained aboard the MAP at the same time as the temperature and pressure
measurements shown in figure 16. Inspection of both figures shows that .em-
perature, pressure, and RH values measured aboard the MAP were in fair agree-
ment with the limited radiosonde sensor measurements available for comparison.

Note in both figures that at 1435 MDT, on the altitude vs time plots, the
radar sk-n track of MAP was lost as the plane descended to a low altitude.
Such losses of RPV position data prompted the incorporation of the radar
transponder into the MAP instrumentation system.

A graph of derived air density is shown i' figure 18. One plot of figure 18
shows atmospheric density as a function of time as the MAP aircraft first
descended slowly at a rate of 30 m/min and then flew at a relatively constant
altitude. The other plot shows air density as a function of time as the
aircraft ascended at a rate of approximately 17 m/min while traversing a slant
path 3 km in length.

During the time that the above temperature, pressure, RH, and density data
were obtained, the PIXE Cascade particle impactor was opened for a period of
I h to collect an integrated sample over the altitude interval extending from
the earth's surface to 700 m above it. The temperature was warm, the winds
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Figure 15. Particle size distribution at 50OX magnification from the third
impactor pass through the DIRT-11 105-mm explosion.
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were calm, and the sky was partly cloudy. It may be assumed that the aerosols
collected aboard the MAP are representative of those in the atmsophere over
the laser range under similar weather conditions.

As indicated previously in the discussion of the PIXE impactor, figure 9 shows
the channel (mass) number spectrum of aerosols, 16 m or larger, collected by
the impactor that was flown on the MAP on 17 August 1979. Corresponding to
figure 9, the bar chart of figure 19 shows the total mass found in the sample
as a function of atomic mass number. The zinc (Zn) is from the mylar/
substrate disk of the impactor. The elements silicon %Si), sulfur (S), potas-
sium (K), calcium (Ca), and iron (Fe) are constituents normally found in
desert clays such as kalonite, montmorillonite, illite, and gypsum, which are
typical at WSMR. 9  Chlorine (Cl) is also known to be a constituent of the
local soil.1 0  The sources of titanium (Ti), phosphorus (P), cobalt (Co), and
vanadium (V) in the airborne impactor were not investigated.

Analysis of 16pm and larger aerosols that were simultaneously collected on the
earth's surface at WSMR by another PIXE impactor showed approximately 10 per-
cent greater mass per element than did the analysis of the aircraft-borne
sampler disk. In addition, the analysis of the ground-based sampler showed
traces of manganese, nickel, and lead. The manganese is believed to be from
the limonite associated with limestone sediments at WSMR. The lead is sus-
pected to come from the exhausts of vehicles commonly used at WSMR. The
source of nickel was not established. These three elements were not present
in the airborne impactor.

In addition to the requirements for atmospheric and aerosol data directly over
the laser range, a requirement exists for aerosol and turbulence data along
laser propagation paths in the proximity of a sheer cliff that is also located
on WSMR. To satisfy this requirement, the instrumented MAP was employed to
wake a group of flights near the escarpment in directions generally transverse
to the cliff wall.

Figure 20 shows the general terrain features, the location where the laser is
housed, and the location of the airstrip (15 x 150 m) used by the MAP. The
cliff summit is 2400 m msl, while the airstrip at the base of cliff is 1700 m
msl. Horizontal flights directly away from and directly toward the cliff face
were conducted at altitudes of 2130, 2440, 2740, 3047, 3350, and 3660 m, all
altitudes referenced to msl.

The total payload weight aboard the MAP was 9 kg. Atmospheric temperature,
pressure, and RH measurement were again made, with instrumentation identical
to that used in previous flights. To derive turbulence structure data, mea-
surements of differences in temperature, T, were made with sensor separations

9 Blanco, J. A., and G. B. Hoidale, Infrared Absorption Spectra of Atmospheric
Dust, ECOM-5193 (AD836883), Atmospneric Sciences Laboratory, US Army
7 eitronics Command, White Sands Missile Range, W14, 1968.

' 0 Soil Survey of White Sands Missile Range, NM, U. Oeparthent of Agriculture

Soil Conservation Service, January 1976.
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of 20 cm and 2.8 m. The temperature difference values, when combined with the
measured atmospheric temperature and pressure values, were used to determine
C2 and C2 through equations (4) and (6), respectively.

Aerosol samples were collected with both the multistage sampler and the PIXE
cascade impactor. Electric field intensity measurements were made as a func-
tion of altitude as the aircraft flew in close proximity to the cliff face,
where the normal electric field gradients were affected by augmentation. The
radar tracking of the VEGA transponder aboard the MAP by WSMR FPS/16 radars
provided consistent and accurate position data for all of the flights con-
ducted.

Unanticipated withdrawal of funds from the MAP project prec' -0d an analysis
of the aerosols collected by the two samplers; however, suffi it funds were
obtained to reduce the atmospheric temperature, pressure, and kH measurements
to meaningful data. Values of C2 were calculated for all of the flights

n
conducted, while electric field measurements were reduced to give the vertical
potential gradient of the atmospheric electric field for the flight that was
conducted on 10 July 1980.

Presented in this report are representative values of C2 as well as values ofn5

the vertical potential gradient of the earth's electric field, which were
obtained during the MAP flight of 10 July 1980. A more comprehensive and
detailed report, which follows this one, will present atmospheric temperature,
pressure, and RH data, as well as values of C2 obtained during the MAP flightsn
conducted on 27 June, and 2, 8, 9, and 10 July 1980.

Figure 21 is a graph of constant values of log C2 plotted as functions of10 n
altitude (msl) vs horizontal distance (kin) to the laser site located on Oscura
Peak at WSMR. These values were calculated from the data obtained from the
various sensors aboard the MAP in the time interval 1200-1245 MST 9 July
1980. For the purpose of comparison, figure 22 presents similar C2 data
obtained from ground-based and balloon-borne sensors at WSMR in the time
interval 0920-1000 MST 10 July 1980.

Figure 23 presents values of the vertical potential gradient of the earth's
electric field as a function of altitude. These values were determined from
the electric field sensors aboard the MAP during the flight of 10 July 1980.

Calibration of the electric field instrumentation was obtained by making low
level aircraft passes over a ground-based electric field strength meter during
a period when the surface electric field strength remained relatively constant
at a value of 70 V/m. The data of figure 23 were extracted when the MAP
aircraft was flying in level flight above the broad valley west of Oscura Peak
at altitudes between 1685 and 3542 m. The corresponding horizontal distance
from the mountain peak was approximately 2 km.

It has been observed that the vertical potential gradient of the earth's
electric field usually decreases with increasing altitude; however, in the
convection layer above desert terrain there are occasions when the gradient
increases with increasing altitude. Figure 23 shows that this is the case
here. On 10 July 1980, a day of high convective activity, the cloud bases
were located at 3.8 km.
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These flights within the period 27 June to 10 July 1980 in the vicinity of the
mountain peak also served to test the electrostatic and fluidic stabilizers
aboard the MAP. Fair weather prevailed during all of the flights, and elec-
trostatic stabilization relative to the earth's electric field was excellent.

Several tests were conducted wherein the aircraft, with the electrostatic
autopilot engaged, was flown at the approximate height of Oscura peak on
courses either perpendicular or parallel to the cliff face. Each time the MAP
aircraft automatically turned and flew away from the cliff face when coming
within approximately 200 m of it. These tests indicate that aircraft terrain
avoidance can be accomplished through use of the electrostatic autopilot
system.

Engagement of the fluidic stabilizer yielded adequate vertical stabilization,
but indicated that fluidic stabilization is not as smooth and steady as elec-
trostatic stabilization. Nevertheless, because of its all-weather capability
to provide adequate stabilization at a low cost, the fluidic gyro will be used
on future MAP aircraft.

SUMMARY

The program successfully accomplished its primary objectives of designing and
fabricating a low-cost, yet reliable RPV and then instrumenting this RPV with
meteorological sensors to demonstrate the feasibility of employing the air-
craft to acquire atmospheric data in areas that are difficult or impossible to
reach with conventional atmospheric sensor platforms.

Three groups of flights, as described in this report, clearly demonstrated the

advantages of using an instrumented RPV to probe dust clouds, slant atmo-
spheric paths along which laser beams propagate, and atmospheric regions in
proximity to mountainous terrain. Flights with a payload weight of 11 kg to
an altitude of 3660 m msl did not place undue stress on the MAP vehicle.
Launchings and landings of this aircraft were readily accomplished from rela-
tively flat areas 150 m in length and 15 m in width. Use of the small and
inexpensive electrostatic autopilot and fluidic gyro stabilizer made aircraft
control relatively simple.

Versatile aerodynamic and atmospheric sensors, with their associated elec-
tronic packages for sigtial conditioning and telemetry, were flight-tested and
are now operational. Similariy, the associated MAP ground-based signal recep-
tion and data recording syste is operational. This system is housed in a
mobile van. The van is of sufficient size to also house two MAP aircraft with
their associated launching and maintenance equipment, thus making the entire
MAP system easily transportable to the specified test site.

Data presented in section 8 of this report demonstrate that sensors aboard the
MAP can, with reasonable accuracy, measure the atmospheric oarameters of
temperature, pressure, RH (density-derived), turbuience structule constants,
aerosol content, and earth's electric field intensity. Electron microscope
analysis of the samples collected in dust clouds generated by artillery shell
explosions gave information relative to particle sizes, particle size distri-
bution, and elemental composition of the particles making up the dust cloud.
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Determination of the collection efficiency of the impactor sampler, when
combined with the recorded airspeed of the MAP, will yield aerosol concentra-
tion data.

Although not documented in this report, measurements of aircraft altitude,
airspeed, engine revolution rate, heading, and angle of attack were recorded
during each MAP flight.

In addition to the development of the MAP aircraft and its associated aero-
dynamic and atmospheric sensors, concurrent experimentation with the inexpen-
sive electrostatic and fluidic gyro stabilizers has led to the basic units
required to fabricate a low-cost autopilot suitable for a tactical RPV.
Further refinements of the fluidic gyro are required to smooth its compensa-
tion commands. Further development of the electrostatic autopilot will likely
lead to an inexpensive aircraft terrain-avoidance detector.
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